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36 VA Mycorrhiza 
I. INTRODUCTION 


The occurrence and ecological importance of vesicular-arbuscular mycorrhizal 
(VAM) fungi have been extensively studied in certain plant communities such as the 
tropical rain forest! and sand dunes,** but much less extensive information is avail- 
able on the ecology of the fungal symbionts themselves. The factors which influence 
their survival, germination, root colonization, and sporulation in nature are only par- 
tially understood. As we move closer to using mycorrhizal fungi to increase agricultural 
plant yield, a more thorough understanding of these factors will be critical. 

In this chapter our knowledge of the factors which influence the colonization and 
life cycle of VAM fungi will be summarized. Extensive research has been published on 
certain aspects of this subject, making a complete review of all literature beyond the 
scope of a book chapter. In these cases only representative studies are discussed. More 
often, however, the literature cited is a fairly complete representation of the state of 
this science. Far more research is needed on the ecology of VAM fungi, and these areas 
are discussed in the following chapter as well. Where less complete information was 
available I have taken the liberty of speculating, in hopes of stimulating some thought 
on the part of the reader. Hopefully, more research in VAM ecology will follow, even 
if it is just to prove me incorrect. 


H. DISPERSAL 


VAM fungi are indigenous to soils throughout the world. In fact, many VAM species 
are represented on most continents. As an explanation for their remarkably widespread 
distribution, Trappe* proposed that VAM fungi were disseminated intercontinentally 
prior to continental drift. The super continent Gondwanaland is thought to have begun 
to break apart and drift north about 125 million years ago.’ Fossil records of plants 
containing VAM-like structures? have been dated to about 370 million years ago,’ so 
that distribution of VAM fungi could have occurred as Trappe suggested. Alterna- 
tively, the widespread distribution of VAM fungi may simply reflect the millions of 
years over which dispersal of these fungi has occurred. 

Later in this section the means by which VAM fungi are known to be dispersed will 
be discussed. These include active dissemination (growth of mycelium through soil) 
and passive dissemination where VAM fungi are moved by wind, water, or by soil 
microorganisms. 


A. Active Dissemination 

VAM fungi may be disseminated in a variety of ways. Active dispersal occurs as 
mycelia grow through the soil. Powell!” studied the rate of spread of VAM fungi 
through fumigated sandy loam soil, which had been inoculated with mycorrhizal fungi 
or planted with mycorrhiza-infected plants, and projected that an efficient mycorrhizal 
fungus might move only 65 m in 150 years or 0.43 m/year. Powell'” further demon- 
strated that VAM fungal species differed in their rate of spread and in their ability to 
retain possession of colonized plants under encroachment by other VAM fungal spe- 
cies. The rate of spread was reduced in inoculated soil preplanted with seedlings al- 
ready mycorrhizal but was increased in soil previously cropped with nonmycorrhizal 
plants. Apparently, introduced VAM fungi spread more readily through soils which 
already contain low populations of VAM fungi, particularly if the population has been 
depressed by cultivation to nonhost crops. 

More recently it has been shown that plant species and root density may significantly 
influence the rate of VAM fungus spread.'' In clover, the greatest rate of spread of 
Glomus fasciculatum was 1 cm/week while in fescue, G. fasciculatum spread at only 
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0.7 cm/week. These experiments showed that root density is most critical when plants 
are young and root density is low. In fact, supraoptimal root densities were achieved 
in fescue (a grass which develops an extensive root system) and rate of fungal spread 
was reduced as plant size increased. A similar supraoptimal root density was not 
achieved in clover because of the less extensive root system. 

The previous experiments were conducted in the greenhouse in fumigated soil, and 
it is difficult to project the rate of mycelial growth and VAM fungus spread through 
field soils. Colonization by morphologically similar indigenous VAM fungi in nonster- 
ile field soils makes this type of study difficult. However, using sporulation by nonin- 
digenous VAM fungi as proof of spread, Mosse et al.'? demonstrated that Glomus 
caledonicum was able to spread 7 to 13 cm from an inoculation point after 13 weeks. 
No correlation was observed between rate of spread and plant size, but spread rate was 
greater in nonsterilized plots than in those receiving formalin treatments. In these ex- 
periments host species also significantly affected spread rate. 

Higher rates of fungal spread (1.5 to 3.4 m/year) have been reported for certain soil- 
borne plant pathogenic fungi in nonsterile soils," although factors such as soil fertility, 
seasonal fluctuation in moisture, temperature, and microbial activity will influence the 
rate of spread of VAM fungi. The mathematical model suggested by Smith and 
Walker'* may be used for determining colonization frequencies and rate of fungal 
growth through the plant. 

Whether VAM fungi grow in a directed way, i.e., toward a root stimulus or ran- 
domly in soil has been debated. Directed growth would most likely make optimum use 
of energy supplies in the spore and would increase the number of infective hyphal 
strands which reach a host.'? Powell,'* using the buried slide technique in partially 
sterilized soil, demonstrated little or no attraction of VAM hyphae to roots until ran- 
dom contact occurred, except with hyphae from honey-colored spores (Acaulospora 
laevis) which frequently grow toward the roots. Koske'* has demonstrated chemotactic 
attraction of hyphae of Gigaspora margarita to host roots in vitro. Since hyphae would 
pass through the air to reach the host roots suspended above germinating spores, the 
attractant is probably a volatile substance. Whether such chemotactic substances are 
produced under field conditions and can direct mycelial growth in the field has not 
been studied. 


B. Passive Dissemination 
1. Rodent Mycophagy 

Many soil-borne fungi have developed highly specialized methods of dispersal. This 
is particularly true of the hypogeous fungi which fruit in sporocarps below ground. 
These hypogeous fungi are protected from climatic stresses which might prevent spor- 
ulation of epigeous fungi. As spores mature these hypogeous fungi frequently emit an 
odor which, by becoming increasingly strong, attracts rodents. The rodents eat the 
sporocarp, digest the peridium or glebal mycelial constituents, and defecate the spores 
which remain intact. These spores are thus packaged in a fertile environment and are 
somewhat protected. In addition, adaptation to dispersal by rodents may increase the 
probability that spores will be deposited on or near roots of susceptible host plants.'” 

Species of Endogonaceae sporulate singly in soil and also in hypogeous or epigeous 
sporocarps, but so far, only sporocarpic species of Endogonaceae have been found in 
rodent stomachs. Since Fogel and Trappe'* observed a relationship between mammal 
size and the size of sporocarps ingested, it is not surprising that endogonaceous spo- 
rocarps, generally smaller ( 1 to 10 mm in diameter) than those formed by Ascomycetes 
and Basidiomycetes, are ingested by smaller mammals such as Soridae (shrews), Za- 
podidae (jumping mice), Cricetidae (mice, rats, lemmings, voles), and Ochotonidae 
(pikas). Despite the large spore size (up to 400 um), these spores pass through the 
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rodent digestive system and remain germinable.'? Furthermore, the defecated spores 
are capable of initiating typical VAM fungal infections.” Mycophagy remains the only 
known dispersal method for spores of Endogonaceae formed in hypogeous sporocarps. 

It is curious that Endogonaceae sporocarps, even when mature, do not emit a strong 
odor as produced by Basidiomycete and Ascomycete hypogeous sporocarps. Although 
the bright color of epigeous sporocarps might visually attract rodents, the means by 
which hypogeous sporocarps are detected is unclear. Unless ingestion of these hypo- 
geous sporocarps is entirely random, they are probably still detected by smell. 


2. Dispersal by Worms, Birds, Insects, Etc. 

A number of other vectors of VAM fungal spores have been described. As early as 
1922, endogonaceous spores were observed in the digestive tracts of millipedes?! and 
more recently they have been found in grasshoppers and crickets,?? and in earthworm 
and ant casts.’ These vectors probably ingest single endogonaceous spores but not 
whole sporocarps.'* It is clear from the research of Mcllveen and Cole” that endogon- 
aceous spores remain viable following earthworm ingestion since earthworm casts give 
rise to typical VAM colonization when inoculated onto soybean plants. 

The major contribution of some of these vectors may be that soil containing spores 
or spores themselves are brought to the soil surface, thus favoring further dispersal by 
wind if that occurs.” Soil containing spores can also be brought to the soil surface by 
the activity of mud dauber wasps, robins, or sparrows in whose nests spores have been 
found.” Spores from swallow nests were also able to initiate typical VAM coloniza- 
tions. 

The importance of digging or burrowing animals which do not themselves ingest 
fungi but bring soil to the surface has recently been dramatically illustrated by 
MacMahon.”* He observed that very few plants have re-established themselves on 
Mount St. Helens following the 1981 volcanic eruption, except on gopher mounds. The 
soil from these gopher mounds contained 24 to 80 VAM fungal spores per gram of soil 
as compared with adjacent ash above the entrained organic soil layer which contained 
0.1 to 1.7 spores per gram of soil. In stripmined areas, rodent dissemination of VAM 
fungal propagules has been shown to increase the rate of revegetation.?” At Mount St. 
Helens, burrowing and digging animals which bring inoculum to the surface may be 
equally vital to revegetation. 


3. Dispersal by Wind 

Spores brought to the soil surface by a variety of vectors are theoretically available 
for wind dissemination. To date, there were no reports that spores are wind dissemi- 
nated or that these spores which might be dispersed during wind or dust storms remain 
viable. However, there is increasing circumstantial evidence which strongly implies that 
wind dissemination is effective and occurs regularly. 

As already mentioned, Hansen and Ueckert?? reported that VAM fungal spores had 
been ingested by grasshoppers and crickets. Similarly, Ponder?’ reported VAM fungal 
spores in grasshopper and rabbit droppings. While occasional bits of soil might be 
ingested by these animals, they are primarily leaf feeders. The presence of VAM fungal 
spores in their digestive tracts or feces, therefore implies that spores were present on 
leaves prior to feeding, probably as a result of wind dispersal.” The presence of viable 
VAM fungal spores in rabbit droppings certainly implies that the spores can survive 
wind dissemination.*® Taber?” has observed VAM fungal spores in Portulaca seed cap- 
sules which are oriented on the plant toward the wind. VAM fungal spores appear 
trapped on the mucilaginous surface of seeds within the capsule, and were probably 
wind disseminated. 

The turbulence and wind velocity necessary to disseminate spores of VAM fungi and 
the distance they could be transported have not been studied. The unusually large size 
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of VAM fungal spores (up to 400 um in diameter) makes comparison with dissemina- 
tion of other fungal spores difficult. Tommerup and Carter,” in devising a method to 
separate spores from soil, have demonstrated that velocities of 0.10 to 0.55 m/sec 
would transport spores. The maximum velocity used was that necessary to move 100- 
pm quartz particles. Spores exposed to these wind velocities were also demonstrated to 
be viable. Thus, while direct evidence for wind dissemination is still lacking, this form 
of dispersal is certainly strongly implied from the studies mentioned above. 

The influence of man in transporting equipment or plants with adherent soil has not 
been discussed. Certainly VAM-colonized plants would show no visible symptoms 
which would cause them to be discarded as might occur with pathogen-infected plants. 
This form of dissemination may be of greatest importance in the dispersal of VAM 
fungal spores but there are no data on which this can be evaluated. 


MI. SPORE GERMINATION 


The germination of soil fungi, particularly soil-borne plant pathogenic fungi, has 
been the subject of considerable research, because induced failure to germinate or ger- 
mination in the absence of a host plant can result in satisfactory pathogen control. 
Many soil-borne pathogenic fungi have developed higher degrees of host specificity 
and germinate only or most frequently in the presence of a susceptible host plant. 
Thus, host root exudates are often the ““triggers”? which initiate spore germination. 
Failure to infect rapidly after germination will frequently result in secondary spore 
formation or lysis of germ tubes by the soil microflora.?”-** Although VAM fungi are 
soil-borne and infect living plant roots, these fungi exhibit little host specificity and 
have developed different ‘‘triggers’’ for germination. In general, the germination of 
spores of VAM fungi may be influenced more by soil microorganisms and the physical 
and chemical environments than by the presence or absence of host or nonhost plant 
roots. 


A. The Influence of Soil Microflora 

Germination of VAM fungal spores in vitro can be erratic. On agar media a dor- 
mancy factor which retards germination has been observed. Godfrey?! reported that 
high levels of Glomus microcarpum spore germination occurred only after spores were 
incubated to remove a ‘‘dormancy factor”. Daniels and Graham”? observed reduced 
germination of freshly harvested spores of Glomus mosseae. Hepper and Smith* also 
noted the improved spore germination of G. mosseae after storage for several months. 
In contrast, Koske** demonstrated that spores of Gigaspora gigantea freshly collected 
from the field, germinated well without prior storage or cold treatment on sand or agar 
medium. This apparent contradiction may be explained if spores collected from the 
field are naturally aged and thus require no additional storage to remove a dormancy 
factor. It is also possible that spores of Glomus spp. require different stimuli for ger- 
mination than spores of Gigaspora spp. 

The nature of this dormancy factor which Godfrey*' reports is unclear. Perhaps 
VAM fungal spores are not physiologically mature even when they appear morpholog- 
ically mature. Alternatively, VAM fungal spores may contain self-inhibitors removed 
in the presence of soil microorganisms or by leaching.** Nevertheless, improved ger- 
mination under nonsterile conditions or with nonsterile soil amendments has been dem- 
onstrated by several researchers.??-?5->6 

In 1959, Mosse** observed that spores of a Glomus sp. germinated poorly on water 
agar but exhibited much improved germination on water agar containing nonsterile 
soil overlaid with autoclaved cellophane disks. She proposed that a water soluble, heat 
labile, dialyzable, microbially produced soil constituent stimulated germination. Dan- 
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iels and Graham’? also reported stimulation of germination by a dialyzable soil con- 
stituent but attributed this to nutrient effects. Subsequently, Daniels and Trappe*® 
found that spores of Glomus epigaeum failed to germinate in autoclaved, steamed, or 
gamma-irradiated soil, while high levels of germination occurred in nonsterile soils. 
This implies that germination is suppressed in sterilized soil because of some inhibitory 
compound released during sterilization. Alternatively, inhibitory levels of nutrient re- 
leased following sterilization may also explain the stimulation of germination observed 
in nonsterile soil. 

If a germination stimulus exists in nonsterile soil the nature of this stimulus has not 
been elucidated. It has been suggested, however, that self-inhibitors of spore germina- 
tion might be removed by the activity of soil microorganisms.** In support of this 
hypothesis, germination did occur in autoclaved kaolin clay and activated charcoal, 
substances with high cation exchange values, perhaps capable of removing or adsorb- 
ing self-inhibitory compounds from the spore. The hypothesis of self-inhibition of 
germination is strengthened by the observation that hyphal growth following germi- 
nation is also improved in the presence of activated charcoal, again suggesting the 
action of self-inhibitors.?*” That the germination of Gigaspora spp. spores may be reg- 
ulated differently is again suggested by Koske,** who found no difference between 
germination in sterile or nonsterile sand. The low nutrient status of sand, however, 
might also explain these apparently contradictory results. 


B. The Influence of Environmental Conditions 
1. Soil Water Potential 

The influence of soil water potential on VAM fungal spores has been studied by 
Daniels and Trappe** using Glomus epigaeum added to silt loam of varied moisture 
contents, and by Koske** using Gigaspora gigantea placed on sand to which concentra- 
tions of polyethylene glycol were added. Glomus epigaeum spores germinated best at 
moisture contents between field capacity and soil saturation. Below field capacity, ger- 
mination declined with no germination occurring below -31 bars.** In contrast, Gig- 
spora gigantea germination was strongly inhibited at -10 bars but higher levels of ger- 
mination could eventually be obtained at low water potentials if spores were incubated 
longer.?** Koske further observed that germ tube length was reduced at low water po- 
tentials. Thus, low water potential can, at least with Gigaspora spp., delay germination 
and reduce the hyphal growth from germinated spores. Since spores of Gigaspora spp. 
are capable of re-germination,?** this inhibition or reduced germination may be energy 
saving. 

Further research will be necessary to determine whether Glomus spp. also exhibit a 
reduced germination rate in low water potential conditions as do Gigaspora spp. Be- 
cause spores of Gigaspora spp. germinate by production of a new germ tube which 
penetrates the spore wall, their germination is more easily observed. This germ tube, 
because of its cylindrical shape, is easily distinguished from the bulbous, gametangial 
hyphal attachment which characterizes this genus. In contrast, spores of Glomus spp. 
germinate by regrowth of their hyphal attachment or new germ tubes grow through the 
old hyphal attachments on which the spores were formed. It is far more difficult, 
therefore, to ascertain whether spores of Glomusspp. have indeed germinated, and for 
these reasons it is extremely difficult to observe a reduced germination rate which 
might occur at low water potentials. 


2. Nutrient Content of Soil 

The germination of VAM fungal spores does not appear to be greatly influenced by 
soil fertility. Koske** observed no difference in germination of Gigaspora gigantea 
spores regardless of phosphorus concentrations. Similarly, Daniels and Trappe’? ob- 
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served that additions of nitrogen or potassium did not appreciably stimulate or inhibit 
germination, and although certain levels of phosphorus amendment gave a statistically 
significant increase in germination, this stimulation was probably not biologically sig- 
nificant. However, Siqueira et al.?? have also observed that a phosphorus amendment 
increased spore germination on water agar but nitrogen and potassium amendments 
had no effect. 

Though inorganic nutrients such as nitrogen and phosphorus have little effect on 
VAM fungal spore germination, addition of glucose to soil depressed the germination 
of Gigaspora gigantea.** Both germ tube length and number per spore were reduced. 
Similarly, Siqueira et al.” reported decreased germination of G. margarita spores and 
reduced germ tube growth following amendment of water agar with a range of organic 
substrates. It would be interesting to know whether organic substrate amendment is 
fungicidal or only fungistatic in nature. In soil, amendment of glucose probably results 
in a flush of microbial activity resulting in the glucose being rapidly metabolized. If, 
under high nutrient conditions, germination of some spores is prevented, germination 
should resume soon when the glucose level is depleted, however, Koske?** reports that 
germination was still lower in glucose-amended soil after 7 days than that observed in 
unamended soil. Alternatively, the increased microbial activity in glucose-amended soil 
might result in increased spore lysis or hyperparasitism of VAM fungal spores, thereby 
reducing the level of germination. The mechanism by which organic substrates reduce 
spore germination on agar medium is unclear. The fact that organic substrates reduce 
germination both on agar medium and in nonsterile soil may indicate that these sub- 
strates directly influence spore germination rather than stimulate microbial activity 
which then indirectly inhibits spore germination. 

The pH optimum for spore germination will probably differ with each VAM species 
and the environment to which each is indigenous.* For example, Glomus mosseae, 
common in alkaline flatland soils,** germinated well on water or soil extract agar at 
pH 6 to 9. In comparison, Gigaspora coralloidea and G. heterogama from more acidic 
Florida soils germinated best at pH of from 4 to 6.*° Spore germination of Glomus 
epigaeum occurred over a wide range of soil pH, with optimum germination occurring 
between 6 and 8. Thus, it appears that pH can influence the germination of VAM 
fungal spores, but germination seems to occur within a range which is still acceptable 
for plant growth. 

From the literature it is difficult to interpret how pH influences spore germination. 
In soil, nutrient concentration, excepting phosphorus,?* has little effect on spore ger- 
mination. Thus, it seems unlikely that pH-induced differences in nutrient availability 
are responsible for stimulation or inhibition of VAM fungal spore germination. How- 
ever, Siqueira et al.?? report a significant interaction between pH and nutrient which 
influences spore germination on agar medium. Apparently, the optimum pH for spore 
germination may depend not only on the fungal species but also on the nutrient content 
of the germination medium. 

Just as the optimum pH for germination appears dependent on the environmental 
adaptation of a VAM fungal species, the temperature range over which germination 
occurs may also depend on the species of VAM fungi and environments to which they 
are ecologically adapted.*? Florida isolates of Gigaspora spp. germinated best on soil 
extract agar incubated at 25 to 35°C while Glomus mosseae from a cooler Washington 
State environment germinated best when incubated at 18 to 20°C. Koske** found op- 
timum germination for Gigaspora gigantea from Rhode Island to be 30°C, while Dan- 
iels and Trappe’ observed that Glomus epigaeum from Oregon germinated best at 
22°C. While these differences in temperature optima may reflect ecological adapta- 
tions, Gigaspora spp. from Rhode Island and Florida had similar temperature require- 
ments even though the climate of their sources were quite dissimilar. The similar pH 
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and temperature requirements of Glomus spp. as compared with Gigaspora spp. may 
imply that differences between the two genera must also be considered. 


3. Host and Nonhost Plants 

As already mentioned, it is unusual for root-infecting fungi to germinate in the ab- 
sence of host plant roots. VAM fungi seem to be an exception. Using the buried slide 
technique in partially sterile soil, Powell'* demonstrated that VAM fungal spores ger- 
minated similarly whether or not onion roots were present. That spores will germinate 
well in nonsterile soil in the absence of host roots is well documented.?*-3° In fact, 
Daniels and Trappe** observed no additional stimulation of germination in the pres- 
ence of host roots, and germination occurred equally well in the presence of nonhost 
or ectomycorrhizal plant roots which could lead to reduced populations of VAM fungi 
in soils. In contrast, Graham* observed that germination of Glomus epigaeum spores 
was increased, and that germ tube lengths were greater, when spores were exposed to 
root exudates. The germ tubes of these treated spores also branched more frequently 
than nontreated spore germ tubes. 

VAM fungi are remarkably nonhost-specific. Certain VAM species may be more 
efficient in stimulating the growth of certain plant species, but each VAM fungus is 
generally able to colonize every VAM host species.** Further research may reveal ex- 
ceptional VAM fungal species adapted to a narrow host range within a particular eco- 
logical environment, but this will certainly be the exception rather than the rule. Fungi 
which infect few or single plant species might require, for their survival, a plant stim- 
ulus for germination. The apparent lack of influence of plant roots on VAM spore 
germination, therefore, probably reflects the adaptation of these fungi to extremely 
wide host ranges. 

Spore germination of VAM fungi appears to be controlled by levels of soil temper- 
ature, moisture, and pH which also induce plant seed germination. Thus, spores of 
VAM fungi germinate when newly formed growing roots are likely to be present. The 
extremely large spore size of these fungi (approximately 35 to 400 um) and energy 
contained therein may permit the VAM fungi to grow through the soil for long dis- 
tances in ‘‘search’’ of host roots. The ability to germinate more than once?! probably 
also increases the chance that VAM fungi will successfully penetrate a host. However, 
in cases such as monoculture of nonhost plants, germination in the absence of host 
roots could be detrimental and result in reduced populations of VAM fungi in the 
soil.'° 


IV. COLONIZATION AND SPORULATION 


Root colonization and subsequent spore production by VAM fungi are influenced 
by a wide range of environmental, host, and fungal effects. Colonization is used here 
as an alternative to the somewhat confusing term ‘‘root infection’’. In many cases, the 
factors which stimulate or inhibit colonization probably also stimulate or inhibit spor- 
ulation since these two phenomenon are often closely related.**** For example, Hay- 
man,** in sampling wheat plants through a growing season, observed that root coloni- 
zation and spore production increased through the season, peaking just prior to 
harvest. Application of nitrogen fertilizer not only reduced root colonization but sup- 
pressed spore formation as well. 

Although the close relationship between colonization and sporulation led Daft and 
Nicolson** to suggest that spore numbers might be an effective measure of root colo- 
nization, these two phenomena are not necessarily correlated. In temperate climates 
where root growth by perennial plants is more or less continuous, Baylis” found that 
few spores were produced despite relatively high levels of root colonization. He sug- 
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gested that no evolutionary stimulus for spore production existed if root growth was 
not intermittent. In this section the influence of soil environment, host plant, and 
fungal species on colonization and sporulation of VAM fungi will be considered. 


A. Fungal Species 
1. Inoculum Density 

The influence of inoculum density on root colonization and subsequent sporulation 
has been carefully studied by researchers seeking to increase plant growth stimulation 
or inoculum production. From these studies it appears that increased inoculum dosage 
results in increased percentage root colonization,**-* but eventually an upper limit of 
root colonization is reached and greater inoculum dosages will result in no further 
increase in root colonization.*? Both Daft and Nicolson*' and Ferguson“? have exam- 
ined the influence of inoculum density on rate of colonization. By examining plants 
with varied inoculum dosage at different growth stages they determined that increased 
inoculum dosage results in increased colonization rate, i.e., plants become more highly 
infected earlier, but the final colonization rates were similar regardless of inoculum 
dosage. However, in annual crops with short growing seasons, high inoculum dosages 
may be required if maximum plant growth stimulation is to be achieved. For inoculum 
production purposes as well, optimum spore production is achieved sooner if the nec- 
essary inoculum dosage is applied.*° 


2. Competition Between Fungal Species 

Numerous attempts have been made over the years to determine the influence of 
mixed VAM fungal species on root colonization and sporulation. Whether VAM fun- 
gal species have synergistic or competitive effects on each other has been difficult to 
determine, however, because of the morphological similarity of mycorrhizal structures 
formed by the various VAM endophytes. Biochemical or genetic labeling of a particular 
fungus to follow its colonization in a plant, and thus distinguish it from other VAM 
fungal species has not yet been accomplished. Only with Glomus tenue and a few other 
such species which produce morphologically distinct structures have such studies been 
possible.** For example, Ross and Ruttencutter** were able to compare (on the same 
plant) colonization caused by Gigaspora gigantea with that resulting from Glomus 
macrocarpum because the former species fails to form vesicles while the latter does. So 
distinctive are the colonization structures of certain VAM fungal species that Abbott 
and Robson‘: proposed a dichotomous key for their identification based on root col- 
onization structures. The species included in this key were Gigaspora gigantea, Glomus 
tenue, G. monosporum, G. fasciculatum, and Acaulospora laevis. The applicability of 
VAM fungal species identification based on root colonization structures to other spe- 
cies has not been tested (see Chapter 4). 

Because of the experimental difficulties, the effect of multiple VAM fungal species 
colonizations has only been assessed in terms of the resulting plant growth response. 
There are numerous reports$”-** of increased plant growth from inoculation with non- 
indigenous VAM species even into nonsterile soils containing indigenous species. It is 
assumed that these nonindigenous species are more efficient though this increased 
plant growth could result from uneven inoculum levels. It is also possible that increased 
plant growth reflects better competitive ability of the introduced fungus. 

In support of this latter hypothesis, Ocampo et al.* found that less VAM coloniza- 
tion occurred in barley, lettuce, potato, or onion from the mixed endophyte population 
in nonsterile soil than occurred when Glomus fasciculatum alone was inoculated onto 
these crops in sterilized soil. It is unclear, however, whether inoculum potential for 
each species was equal in these experiments. Crush* has proposed that colonization by 
other VAM fungi may be “shed” in favor or G. tenue colonization because the latter 
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is a superior competitor for phosphorus. The superior competitive ability of G. tenue 
was also demonstrated by Powell and Daniel*! who observed increased plant growth 
when G. tenue was added to host pot cultures already colonized by other VAM fungi. 
Further evidence for competition between VAM fungal species came from Ross and 
Ruttencutter,** who found that less colonization occurred in G. macrocarpum-inocu- 
lated peanuts and soybeans than when these hosts were inoculated with Gigaspora 
gigantea and Glomus macrocarpum together. The percentage of G. macrocarpum col- 
onization, as measured by vesicle formation, was reduced when combined with Gigas- 
pora gigantea, suggesting the superior competitive ability of G. gigantea. Although 
many differences in efficiency of VAM fungi may reflect differences in competitive 
ability among species for host root, it is also possible that these differences may be 
attributed to the adaptation of VAM fungi to particular soil conditions. 


B. Environment 
1. Temperature and Light 

Both temperature and light have been shown to have a significant influence on col- 
onization and sporulation by VAM fungi under greenhouse conditions. Higher tem- 
peratures generally result in greater root colonization,**-** and increased sporulation.* 
Studying the effects of temperature on VAM establishment, Schenck and Schroder*” 
observed that maximum arbuscule development occurred near 30°C but that mycelial 
colonization of the root surface was greatest between 28 and 34°C. Sporulation and 
vesicle development were greatest at 35°C. Periods of cold stress followed by mainte- 
nance of high soil temperature have also been shown to increase colonization and spor- 
ulation.°° 

Although increased light intensity generally increases percentage coloniza- 
tion,*-:*6-68-73 longer daylengths also increase root colonization.”*-?* In fact, a photo- 
period of 12 hr or more may be more important than light intensity in providing high 
levels of root colonization,**-”” but if suitable daylength is provided, increased light 
intensity may still increase colonization.”? Though low light intensity can significantly 
reduce root colonization, its effect on sporulation may be less pronounced.* All of 
these studies have been conducted under greenhouse conditions, and more research is 
necessary to see whether the results apply to the field as well. 


2. Soil Fertility 

It is widely accepted that maximum root colonization and sporulation occur in soil 
of low fertility. Both phosphorus***'*%-82 and nitrogen*-* may significantly reduce 
root colonization if present at high levels, and a delicate balance between these two 
elements appears to exist. Bevege** found that root colonization increased as nitrogen 
content increased if phosphorus levels were moderate. At higher levels of phosphorus, 
however, nitrogen applications were inhibitory. A similar balance has been observed 
for zinc and phosphorus.*” 

The effect of high soil fertility on root colonization depends on the host plant grown. 
Strezemska** observed that root colonization of rye, wheat, barley, and oats was re- 
duced after years of cropping in highly fertilized soils, but colonization of bean roots 
was not similarly reduced under these conditions. The differing sensitivity of crop 
plants to soil fertility may explain Gerdemann’s® observation that many crops in the 
midwest U.S. remained highly mycorrhizal despite high soil fertility. 

Research by Menge and co-workers” has shown that much of the influence of soil 
fertility on root colonization is plant mediated. Using a split root technique, phospho- 
rus fertilizer was applied to half of a sudangrass root system.°° Sporulation even in the 
unfertilized half was reduced. High levels of root colonization and sporulation were 
also observed in roots exposed to high levels of soil phosphorus if the bulk of the root 
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system was exposed to lesser amounts of phosphorus. Thus the internal phosphorus 
concentration of plants controls the level of root colonization and sporulation by VAM 
fungi which will occur. Ratnayake et al.” and Graham et al.” have further demon- 
strated that the net leakage of root exudates is significantly greater under low phospho- 
rus levels. High levels of exudation were correlated with decreased phospholipid levels 
and increased permeability of root membranes. They suggested that root colonization 
by VAM fungi is inhibited at high phosphorus levels because of the decreased root 
exudation. Thus, the content of phosphorus in the root can mediate root colonization 
by VAM fungi. 

That it is the internal phosphorus content of roots which controls root colonization 
by VAM fungi is also suggested by the research of Sieverding” and Nelsen and Safir,** 
who observed that greater root colonization occurs in drought-stressed plants than in 
plants receiving adequate water. Nelsen and Safir’* suggested that high levels of root 
colonization can occur in drought-stressed plant even in highly fertile soils because low 
moisture levels can reduce the diffusion rate of nutrients such as phosphorus and de- 
crease the availability of these nutrients to the plants. 


3. Host Plant 

The presence or absence of a host plant obviously plays a large role in whether or 
not colonization and subsequent sporulation will occur. Nonhost plants such as Chen- 
opodiaceae and Cruciferae species can become minimally colonized by VAM fungi,” 
particularly when grown in the presence of host plants.*-** The influence of nonhost 
plants on the colonization of host plants has been studied with contradictory results. 
For example, the presence of nonmycorrhizal plants has resulted in reduced coloniza- 
tion of mycorrhizal host plants,?”-? possibly because of toxic nonhost-root 
exudates””-** or seed coat components.*? In contrast, Ocampo et al. detected no re- 
duced colonization of mycorrhizal plants cropped together with nonmycorrhizal hosts. 
In fact, onions became more colonized when grown with nonhost swedes than when 
grown alone and similar results were observed in barley cropped together with rape. 
These experiments were conducted in pots in the greenhouse. If planting host and 
nonhost species together results in more rapid utilization of soil nutrients because there 
is more root volume per pot, an increase in root colonization might not be unexpected. 

There is also evidence that competition can arise between host species. Colonization 
of weakly mycorrhizal plants can be increased when grown in the presence of strongly 
mycorrhizal ‘‘nurse plants””.'” In contrast, Ocampo et al. demonstrated that less 
colonization occurred in onions grown in combination with barley or potato than 
alone. Similarly, maize and onions grown alone were more colonized than when grown 
together. Once again, however, it is possible that the reduced colonization occurring 
when two host plants are cropped together reflects an increased amount of plant root 
biomass available for colonization. Clearly, more research is needed to understand the 
impact of host plant competition on root colonization. 

The affinity of host plants to VAM endophytes will also determine the degree of 
colonization or sporulation which occurs. Schenck and Kinloch'” observed that the 
incidence of VAM fungal species (determined as spore numbers in soil) depended upon 
the plant species which was colonized. A woodland site was newly planted with 6 ag- 
ronomic crops and grown in monoculture for 7 years. Spore number of Gigaspora spp. 
were most numerous around soybean plants, but Glomus and Acaulospora spp. pre- 
dominated around monocotyledonous crops. This influence of host plant on incidence 
of VAM fungi has also been observed by Kruckelmann*” on a site where 6 crops were 
grown in monoculture for 16 years. It appears that the host plant can affect sporulation 
and possibly survival of VAM fungi. 

Although VAM fungi have extremely wide host ranges,‘ the existence of host pref- 
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erence has been suggested by many researchers.?*-96-102-10% This preferential association 
between certain plant and fungal species can be evaluated with respect to combinations 
which provide the greatest plant growth stimulation and the greatest root colonization 
or maximum sporulation, but these three factors are not necessarily correlated.!"* 
There are no reports at present of exclusive colonizations between a VAM fungus and 
host plant. The factors which determine host-symbiont affinities have not been studied 
and no doubt are of considerable importance. 

In general, the factors which result in maximum plant growth may result in maxi- 
mum sporulation.**-*5-1 Reduction in plant size by pruning had no influence on root 
colonization but inhibited sporulation by 3-month-old plants.*” Defoliation of plants?” 
can also decrease root colonization and sporulation. Similarly, logging of sugar maple 
trees resulted in reduced sporocarp formation as compared with sporulation in un- 
logged stands.'° 


V. SURVIVAL 


Both spores of VAM fungi and colonized root pieces can be effective propagules, 
initiating typical VAM colonization in host plants, '*5°57!°7-!°9 although the ability of 
VAM fungi to persist in soil may depend partly on the type of propagule formed. It is 
clear that hyphal fragments and root pieces colonize host roots more rapidly than spore 
inoculum, thus producing a growth response sooner,*”-!**-111 but the ability of this in- 
oculum form to survive in the absence of an actively growing host is questionable. 

In New Zealand bush soils, Baylis” observed a scarcity of spores as compared with 
soils carrying native grasses or those in cultivation. He suggested that the latter soils, 
subjected to intermittent root growth and drying, might stimulate sporulation or select 
for isolates of VAM fungi which sporulate. Alternatively, in the bush soils, where 
actively growing roots are always present because of year-round adequate soil moisture 
and temperature, VAM fungal isolates which do not sporulate may have been favored 
because sporulation is unnecessary in these soils. 

The greater ability of spore inoculum to withstand harsh environmental conditions 
has been suggested by Hall.'!! The amount of infective fungal material in pelleted 
inoculum (composed of spores, colonized root pieces, and hyphae) decreased rapidly 
when dried for only 2 weeks. Presumably, VAM hyphal fragments were less able to 
survive drying than were spores. Similarly, Gould and Liberta'*? compared the inocu- 
lum level contained in stored topsoil with the level found in undisturbed soil. While 
spore numbers in each sample were similar, the stored topsoil had a lower inoculum 
potential (initiated fewer colonizations) than did undisturbed soil. Although the het- 
erogeneity of soil samples may account for some of these differencs it is also possible 
that this variation reflects the greater survivability of spore inoculum. 

In contrast, Tommerup and Abbott'” demonstrated that root pieces colonized by 
several VAM fungi, when stored in soil dried to -50 MPa, remained infective even after 
6 months. It is unclear, however, whether the inoculum potential of these pieces was 
reduced during storage, i.e., whether the energy for growth of the fungus available for 
host colonization”? had declined. It is also possible that storage under moisture condi- 
tions more conducive to root decomposition or to root dessication might result in loss 
of viability for hyphal fragments contained in root pieces. 

To summarize, colonized root pieces can remain as viable propagules for extended 
periods in partially dried soil,'°? but rapidly lose viability in moist soils under stor- 
age.'!!'!? For this reason spores of VAM fungi are probably the primary propagule for 
survival during periods of intermittent root growth or under field conditions in the 
absence of a host plant except under very dry soil conditions. Spore populations in soil 
probably also decline, but rates of decline and factors affecting decline have received 
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little attention. The inoculum potential assays of Porter'!? and Powell!" will make this 
type of study possible though these most probable number techniques have yet to be 
applied to research on spore survival. 

If spores are the predominant survival structure of VAM fungi, the inoculum poten- 
tial of a soil could be directly related to the number of spores produced. The nutritional 
conditions under which spores of pathogenic fungi are formed influence the inoculum 
potential of those spores.*!*-1*” If this is true for VAM fungi as well, then the environ- 
mental conditions prior to and during sporulation would also influence the VAM fun- 
gal inoculum potential of a soil. Therefore, the factors which influenced sporulation 
by controlling the amount of initial inoculum may indirectly influence VAM fungus 
survival in a soil. 

Survival of propagules of VAM fungi is probably directly influenced by hyperpar- 
asites, unsuccessful attempts at colonization, proximity of host plants, etc. Through- 
out the remainder of this section only those factors which directly influence propagule 
survival will be discussed. The factors which affect colonization and sporulation have 
been discussed in another section of this chapter, but their indirect influence on sur- 
vival should be considered. 


A. Cropping Schedule 

The influence of cropping sequence on survival of VAM fungi is not well under- 
stood. The number of growing seasons in the absence of a host plant apparently influ- 
ences VAM survival whether the soil is fallowed or cropped to a nonhost. Since new 
spores are not produced in these situations, the population of VAM fungi can only 
decline. Soil storage or fallowing appears to reduce the inoculum potential level in soil. 
Gould and Liberta'!? demonstrated reduced inoculum potential in stored topsoil com- 
pared with undisturbed soil even though spore populations did not differ greatly. Sim- 
ilarly, Black and Tinker'** found that spore levels generally decreased by the end of a 
barley growing season, but a greater rate of decrease was evident in fallowed or non- 
host-cropped soil. A year of fallow or nonhost cropping reduced by half the coloniza- 
tion level obtained in the subsequent barley crop. Ocampo*'” however, observed no 
difference in colonization levels whether plants were grown in soil kept fallow for 10 
weeks prior to planting or in soil amended with inoculum stored under refrigeration. 
These results suggest that the length of time a host is absent may influence the amount 
of inoculum which survives. 

As discussed in Section IV (Colonization and Sporulation), of this chapter, nonhost 
plants belonging to the Chenopodiaceae and Cruciferae are reported to become mini- 
mally colonized by VAM fungi.” However, these nonhost plants have also been ob- 
served to reduce host plant colonization although Ocampo!’ observed no such delete- 
rious effects and, in fact, reported increased colonization of host plants in close 
proximity to nonhost plants. Ocampo et al.,*? therefore, suggested that VAM fungi 
may be able to derive some benefit from nonhost plants and that nonhost cropping 
may favor the development of VAM fungi more than fallowing. This hypothesis was 
tested subsequently in a series of crop rotation experiments.'!? While greatest initial 
colonization occurred in soil precropped with a host plant, more colonization occurred 
in soil precropped with a nonhost plant than in soil previously fallow. After 8 weeks, 
however, the colonization level was similar in all plants. These results are similar to 
those of Daft and Nicolson'?” who demonstrated lower initial colonization levels in 
tomatoes inoculated with low inoculum numbers than in plants which received large 
inoculum dosages. Regardless of inoculum level, similar colonization levels were 
achieved by the end of the experiments. 

Thus it appears that inoculum levels, which decrease during fallow or nonhost crop- 
ping, can after one season’s cultivation of a host crop overcome the negative effect of 
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fallowing or nonhost cropping. After many years of deleterious cropping schedules, 
however, VAM populations may be markedly reduced.” Whether at such extremely 
low levels of inoculum more than one host cropping season might be necessary to 
restore VAM inoculum potential to levels which benefit plant growth has not been 
studied. Alternatively, if VAM inoculum can in effect be eliminated from soils by 
overfertilization or deleterious cropping schedule, reinoculation with VAM fungi may 
be necessary. 


B. Soil Condition 

Both soil fertility and pH significantly influence spore production of VAM fungi” 
and thus (indirectly) influence VAM survival. Although high levels of phosphorus and 
nitrogen in soil and artificial media are known to inhibit or reduce root 
colonization*?:**-1%.121 and subsequent spore formation,**-?* it is the nutritional status 
of the plant, not the soil fertility, which determines the degree of colonization and 
spore formation which will occur.?? As previously discussed, spore germination occurs 
independently of soil fertility. However, in fertile soils root exudation may be de- 
creased, and root colonization by VAM fungi may be inhibited.*'°? If, as Koske*® 
suggests, spores are able to germinate more than once, then each unsuccessful attempt 
at colonization probably results in reduced inoculum potential, but not spore death. 
The number of such unsuccessful attempts and the energy cost of each attempt has not 
been studied. 

Soil temperature influences root colonization and sporulation**-*” and may indirectly 
affect VAM fungal propagule survival. The direct effects of temperature on spore 
survival have not been studied. Because soil temperature directly influences VAM fun- 
gal spore germination and plant root growth it may directly influence the number of 
successful root penetrations that can occur. In addition, the activity of the soil micro- 
flora which is influenced by soil temperature?” may affect the rate of VAM hyphal lysis 
or hyperparasitism of spores. 

Though soil conditions can influence the survival of VAM fungi in general, adapta- 
tion to edaphic factors can influence the performance and persistence of particular 
VAM fungi. Lambert and co-workers** demonstrated that indigenous fungi are often 
more efficient at increasing plant growth in soils to which they have become adapted. 
In contrast, introduced fungi were able to increase plant growth more than indigenous 
fungi initially but not after the first cutting of a forage crop. This strongly implies that 
VAM isolates adapted to particular edaphic conditions possess some survival advan- 
tage over introduced species in soils of similar conditions. Probably these well-adapted 
isolates are better able to colonize, spread through the plant, or sporulate, indirectly 
influencing survival. Alternatively, these fungi may have greater inoculum potential 
and competitive ability under certain soil conditions, but this has not been studied. 


C. Influence of Other Soil Organisms 

Fungal spores provide a large nutrient base within the soil. Soil animals such as mites 
or Collembola can feed on fungal spores or they may be ingested by worms. Nema- 
todes are also capable of piercing and sucking the contents of fungal spores. Though 
these interactions are known to occur, the quantitative impact of this feeding on fungal 
populations is unknown.?° 

It has been suggested that bacteria can penetrate spores'?? but more commonly they 
remain on the spore surface while producing fungal cell wall degrading enzymes as well 
as enzymes to disintegrate the fungal protoplasm. Pigmented fungal spores containing 
melanin compounds are most resistant to such enzymatic lysis. In addition, bacteria 
deplete the nutrients around spores, thus increasing the leaching of nutrients from 
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spores,*° and can induce autolysis of fungal spores. Whether pigmented spores can be 
thus induced to autolyse is as yet unclear. 

Old and Wong‘? have observed that pigmented spores are frequently perforated 
although the means of perforation was unclear. Using ‘‘nucleopore’’ membranes of 
varied pore sizes they initially determined that soil animals could not have passed 
through the pores to cause perforation. Neither were they able to isolate fungi or bac- 
teria from perforated spores which reproduced the perforation symptom on healthy 
spores. In later studies, Anderson and Patrick'?* discovered that the perforations and 
depressions in spores they observed were caused by vampyrid amoebae which could 
constrict their bodies sufficiently to pass through the nucleopore filters. The ubiquitous 
nature of these amoebae and their ability to perforate hyphae and spores of many 
fungal species was subsequently demonstrated. Recently, Coley et al.'** have observed 
amoebae associated with VAM spore walls, though these appeared to benefit the VAM 
fungi and not lyse them. 

The ability of fungi to parasitize other fungi has been extensively studied. Many 
fungi are capable of direct penetration although enzymatic degradation is probably 
also used to gain entrance to the fungal protoplasm. Generally, mycoparasitism occurs 
more at high temperature under high nutrient conditions, but it must be remembered 
that most research on mycoparasitism has been accomplished in vitro. The importance 
of this phenomenon in vivo has not been determined but may not be of great ecological 
significance for most soil fungi.°° 

VAM fungi are, no doubt, subjected to the same microbial impediments to spore 
survival as other soil fungi. In fact, the large spore size of VAM fungi (35 to 400 um in 
diameter) and their ubiquity in soils makes them a likely source of food, probably 
subject to intense microbial activity. With the exception of fungal hyperparasites, the 
microorganisms which lyse or inactivate VAM fungal spores have received little atten- 
tion. 

Warnock et al.!*5 observed that leek plants colonized by Glomus fasciculatum failed 
to show a growth response if Collembola or springtails were present. Plants with a 
VAM fungus and Collembola were similar in size to noninoculated plants. They sug- 
gest that in the presence of Collembola, the VAM fungus may not be active or that 
Collembola graze on external VAM hyphae. Though not entirely conclusive, the pres- 
ence of hyphae in the gut of Collembolas makes the latter explanation more plausible. 
Thus, insect grazing can also reduce the VAM fungal population of soils. The fre- 
quency of this type of grazing by other insect species has not been studied. 

The fungi most frequently found to hyperparasitize VAM fungal spores belong to 
the Mastigomycotina, fungi with a zoosporic stage in their life cycle. These include 
Rhizidiomycopsis sp.,'** Phlyctochytrium sp.,***” and a pythium-like fungus.** A hy- 
dromyxomycete, Labyrinthula sp. was also recently described.'?" Daniels and Menge'” 
have also described two hyphomycetous parasites, Anguillospora pseudolongissima 
and Humicola fuscoatra. The latter was observed to hyperparasitize Phytophthora and 
Pythium oospores as well.'?? Some of these hyperparasites probably also parasitize 
VAM fungal hyphae.** Undoubtedly many more hyperparasitic fungi will be described 
in the future. 

As VAM fungal spores mature, the primary cell wall thickens and spores usually 
become darker and more melanized. This melanization corresponds to increasing re- 
sistance to hyperparasites, and spores of light-colored species were more susceptible to 
hyperparasites than were darker heavily melanized species.!'? This may mean that 
spores, once mature, will have greater survival ability or require penetration by me- 
chanical means. 

Comparative susceptibility of VAM fungal species to hyperparasites probably influ- 
ences their survival in soil and may also influence the competitive ability of these 
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fungi.** As susceptibility and resistance appear io depend in part on melanization, 
darker-spored species might be expected to dominate in natural ecosystems, but the 
influence of hyperparasites on species succession has not been explored. If hyperpar- 
asites can reduce or eliminate the population of VAM fungi in soils cropped to VAM- 
dependent plants, a reduction in plant growth may occur. In this situation hyperpara- 
sites might be considered as secondary plant pathogens.'*’ 

Though unexplained, it is interesting to note that VAM fungi frequently sporulate 
in protected areas in the soil. For example, Glomus fasciculatum spores form in old 
seed coats?" 132 or even within nematode cysts.‘ These cysts may be sites of VAM 
fungal sporulation whether or not they contain live nematodes, G. deserticola has also 
been observed to sporulate flatly around the inner cap surface of small plastic ultracen- 
trifuge tubes." The advantage of such sporulation or sporulation within roots is un- 
clear unless these sites are more protected from parasitic microorganisms or predatory 
larvae. Alternatively, these sites may simply provide the otherwise unavailable space in 
which sporocarps can form, though this seems less likely. 


D. Season 

It is thought that sporulation occurs in response to intermittent root growth but 
spore production probably increases after periods of extensive root growth or as the 
host matures and senesces.*-!2*135 Many surveys have documented seasonal variations 
within VAM fungal populations*-***'25:135 gsuaily based on the spore numbers iso- 
lated. Whether peak spore production occurs in spring/summer or summer/fall seems 
to be related to climate and the crop bul a significant decline in spore numbers occurs 
during the winter. Apparenily, enough inoculum survives the winter to initiate coloni- 
zation in spring. Spore levels increase during the growing season, then decline by the 
following spring. 

The cause of this decline is unclear but it could be attributed to spontaneous germi- 
nation or spore death, ingestion by soil fauna, destruction by soil fungi and other 
parasites, or stimulation of germination in the absence of a living host.'** Whether the 
level of microbial activity in winter months is sufficient for spore destruction is unde- 
termined, however. 


VI. CONCLUSIONS 


Although our understanding of the ecology of VAM fungi is increasing, there is still 
much to be learned. The composite life cycle of these fungi is becoming clearer, but 
the ecological adaptation of the various fungal species has received little attention. For 
example, we have no clear understanding of how the VAM fungal species differ from 
one another. Which fungal species are best adapted to certain soil conditions or host 
plants? How does the environment or host plant influence the symbiosis? Under what 
conditions are particular VAM fungi likely to be pathogenic rather than symbiotic? 
Which factors govern the distribution of certain VAM fungi, i.e., why are particular 
fungi somewhat cosmopolitan while others are generally more limited to their distri- 
bution? 

In the past the aim of most research was to understand the general phenomenon of 
mycorrhizal symbiosis, i.e., how it worked and what factors influenced it. Represent- 
ative VAM fungi were used to conduct experiments with little understanding of the 
influence the particular fungal species exerted on the experiment. It was enough then 
to know that the VAM fungal species differed in their distribution, their benefit to host 
plants, and their ability to sporulate or colonize roots. However, in the future we will 
need to study specifically how and why each VAM fungal species differs from the 
others and to which edaphic conditions and host each VAM fungus is best adapted. 
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Without a clear understanding the ecology of each VAM fungal species, our ability to 
manipulate the mycorrhizal symbiosis to the benefit of agriculture will be severely lim- 


ited. 


23. 


24. 


REFERENCES 


. Mosse, B., The role of mycorrhiza in phosphorus solubilization, in 4th Int. Conf. Global Impacts 


Appl. Microbiol., Furtado, J. S., Ed., Sao Paulo, Brasil, 1973, 543. 


. Janos, D. P., Mycorrhizae influence tropical succession, Biotropica, 12(Suppl.), 56, 1980. 
. Diem, H. G., Gueye, I., Gianinazzi-Pearson, V., Fortin, J. A. and Dommerques, Y. R., Ecology of 


VA mycorrhiza in the tropics: the semi-arid zone of Senegal, Acta Oecologia Oecol. Plant., 2, 53, 
1981. 


. Koske, R. E., Sutton, J. C., and Sheppard, B. R., Ecology of Endogone in Lake Huron sand dunes, 


Can. J. Bot., 53, 87, 1975. 


. Sutton, J. C. and Sheppard, B. R., Aggregation of sand-dune soil by endomycorrhizal fungi, Can. 


J. Bot., 54, 326, 1976. 


. Trappe, J. M., Biogeography of hypogeous fungi: trees, mammals, and continental drift, Abstr. 2nd 


Int. Mycol. Congr. Inc., Bigelow, H. E. and Simmons, E. G., Eds., University of South Florida, 
Tampa, 1977, 675. 


. Raven, P. H., Evert, R. F., and Curtis, H., Biology of Plants, 2nd ed., Worth Publishers, New 


York, 1976, 685. 


. Kidston, R. and Lang, W. H., On Old Red sandstone plants showing structure from the Rhynie 


chert bed, Aberdeenshire. V. The Thallophyta occurring in the peat bed, the succession of the plants 
throughout a vertical section of the bed, and the conditions of accumulation and preservation of the 
deposit, Trans. R. Soc. Edinburgh, 52, 855, 1921. 


. Chaloner, W. G., The rise of the first land plants, Biol. Rev. Biol. Proc. Cambridge Philos. Soc., 


45, 353, 1970. 


. Powell, C. Spread of mycorrhizal fungi through soil, N.Z. J. Agric. Res., 22, 335, 1979. 
. Warner, A. and Mosse, B., Factors affecting the spread of vesicular mycorrhizal fungi in soil. I. 


Root density, New Phytol., 90, 529, 1982. 


. Mosse, B., Warner, A., and Clarke, C. A., Plant growth response to vesicular-arbuscular mycor- 


rhiza. XIII. Spread of an introduced VA endophyte in the field and residual growth effects of inoc- 
ulation in the second year, New Phytol., 90, 521, 1982. 


. Wallace, H. R., Dispersal in time and space: soil pathogens, in Plant Disease: An Advanced Treatise, 


Vol. 2, Horsfall, J. G. and Cowling, E. B., Eds., Academic Press, New York, 1978. 181. 


. Smith, S. E., and Walker, N. A., A quantitative study of mycorrhizal infection in Trifolium: sepa- 


rate determination of the rates of infection and of mycelial growth, New Phytol., 89, 225, 1981. 


. Powell, C., Development of mycorrhizal infections from Endogone spores and infected root seg- 


ments, Trans. Br. Mycol. Soc., 66, 439, 1976. 


. Koske, R. E., Attraction of germ tubes of Gigaspora gigantea to plant roots by a volatile mechanism, 


Abstr. Sth North Am. Conf. Mycorrizae, Universite Laval, Quebec, Canada 1981, 18. 


. Trappe, J. M. and Maser, C., Ectomycorrhizal fungi: interactions of mushrooms and truffles with 


beasts and trees, in Mushrooms and Man, An Interdisciplinary Approach to Mycology, Walters, T., 
Ed., USDA Forest Service, Washington, D.C., 1977, 165. 


- Fogel, R. and Trappe, J.M., Fungus consumption (mycophagy) by small animals, Northwest Sci., 


52, 1, 1978. 


. Trappe, J. M. and Maser, C., Germination of spores of Glomus macrocarpus(Endogonaceae) after 


passage through a rodent digestive track, Mycologia, 68, 433, 1976. 


. Rothwell, F. M. and Holt, C., Vesicular-arbuscular mycorrhizae established with Glomus fascicu- 


latus spores isolated from the feces of cricetine mice, Forest Service Res. Note NE-259, USDA Forest 
Service, Washington, D.C., 1978, 1, 


. Thaxter, R., A revision of the Endogoneae, Proc. Am. Acad. Arts Sci., 57, 291, 1922. 
- Hansen, R. M. and Ueckert, P. N., Dietary similarity of some primary consumers, Ecology, 51, 640, 


1970. 

Mcllveen, W. D. and Cole, H., Jr., Spore dispersal by Endogonaceae by worms, ants, wasps, and 
birds, Can. J. Bot., 54, 1486, 1976. 

MacMahon, J. A., Mount St. Helens revisited, Nat. Hist.,91, 14, 1982. 


52 


25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


VA Mycorrhiza 


Ponder, F., Jr., Rabbits and grasshoppers: vectors of endomycorrhizal fungi on new coal mine spoil, 
Forest Service Res. Note NC-250 USDA Forest Service, Washington, D.C., 1980, 1. 

MacMahon, J. A., Personal communication, 1982. 

Taber, R. A., Personal communication, 1982. 

Tommerup, I. C. and Carter, D. J., Dry separation of mcroorganisms from soil, Soil Biol. 
Biochem., 14, 69, 1982. 

Garrett, S. D., Pathogenic Root Infecting Fungi, Cambridge University Press, Cambridge, 1970, 1. 
Griffin, D. M., Ecology of Soil Fungi, Syracuse University Press, Syracuse, N.Y., 1972, 1 

Godfrey, R. M., Studies on British species of Endogone. III. Germination of spores, Trans. Br. 
Mycol. Soc., 40, 203, 1957. 

Daniels, B. A. and Graham, S. O., Effects of nutrition and soil extracts on germination of Glomus 
mosseae spores, Mycologia, 68, 108, 1976. 

Hepper, C. M. and Smith, G. A., Observations on the germination of Endogonespores, Trans. Br. 
Mycol. Soc., 66, 189, 1976. 

Koske, R. E., Gigaspora gigantea: observations on spore germination of a VA-mycorrhizal fungus, 
Mycologia, 73, 288, 1981. 

Daniels, B. A. and Trappe, J. M., Factors affecting spore germination of the vesicular-arbuscular 
mycorrhizal fungus, Glomus epigaeus, Mycologia, 72, 457, 1980. 

Mosse, B., The regular germination of resting spores and some observations on the growth require- 
ments of an Endogonesp. causing vesicular-arbuscular mycorrhiza, Trans. Br. Mycol. Soc.,42, 273, 
1959, 

Watrud, L. S., Heithaus, J. J., and Jaworski, E. G., Evidence of production of inhibitor by the 
vesicular-arbuscular-mycorrhizal fungus Gigaspora margarita, Mycologia, 70, 821, 1978. 

Koske, R. E., Multiple germination by spores of Gigaspora gigantea, Trans. Br. Mycol. Soc., 76, 
328, 1981. 

Siqueira, J. O., Hubbell, D. H., and Schenck, N. C., Spore germination and germ tube growth of a 
vesicular-arbuscular mycorrhizal fungus, in vitro, Mycologia, 74, 952, 1982. 

Green, N. E., Graham, S. O., and Schenck, N. C., The influence of pH on the germination of 
vesicular-arbuscular mycorrhizal spores, Mycologia, 68, 929, 1976. 

Gerdemann, J. W. and Trappe, J. M., The Endogonaceae in the Pacific Northwest, Mycol. Mem., 
5, 1, 1974. 

Schenck, N. C., Graham, S. O., and Green, N. E., Temperature and light effects on contamination 
and spore germination of vesicular-arbuscular mycorrhizal fungi, Mycologia, 57, 1189, 1975. 
Graham, J. H., Effect of citrus root exudates on germination of chlamydospores of the vesicular- 
arbuscular mycorrhizal fungus, Glomus epigaeum, Mycologia, 74, 831, 1982. 

Mosse, B., Advances in the study of vesicular-arbuscular mycorrhiza, Annu. Rev. Phytopathol., 11, 
171, 1973. 

Hayman, D. S., Endogone spore numbers in soil and vesicular-arbuscular mycorrhiza in wheat as 
influenced by season and soil treatment, Trans. Br. Mycol. Soc., 54, 53, 1970. 

Daft, M. J. and Nicolson, T. H., Effect of Endogone mycorrhiza on plant growth. IV. Quantitative 
relationships between the growth of the host and the development of the endophyte in tomato and 
maize, New Phytol., 71, 287, 1972. 

Baylis, G. T. S., Host treatment and spore production by Endogone, N.Z. J. Bot.,7, 173, 1969. 
Johnson, P. N., Mycorrhizal endogonaceae in a New Zealand forest, New Phytol., 78, 161, 1977. 
Carling, D. E., Brown, M. F., and Brown, R. A., Colonization rates and growth responses of 
soybean Glycine max plants infected by vesicular-arbuscular mycorrhizal fungi, Can. J. Bot., 57, 
1769, 1979. 

Ferguson, J. J., Inoculum Production and Field Application of Vesicular-Arbuscular Mycorrhizal 
Fungi, Ph.D. thesis, University of California, Riverside, 1981. 

Daft, M. J. and Nicolson, T. H., Effect of Endogone mycorrhiza on plant growth. III. Influence of 
inoculum concentration on growth and infection in tomato, New Phytol., 68, 953, 1969. 

Daniels, B. A. and Menge, J. A., Evaluation of the commercial potential of the vesicular-arbuscular 
mycorrhizal fungus, Glomus epigaeus, New Phytol., 87, 345, 1981. 

Rabtin, S. C., Seasonal and edaphic variation in vesicular-arbuscular mycorrhizal infection of 
grasses by Glomus tenuis, New Phytol., 83, 95, 1979. 

Ross, J. P. and Ruttencutter, R., Population dynamics of two vesicular-arbuscular endomycorrhizal 
fungi and the role of hyperparasitic fungi, Phytopathology, 67, 490, 1977. 

Abbott, L. K. and Robson, A. D., Growth of subterranean clover in relation to the formation of 
endomycorrhizas by introduced and indigenous fungi in a field soil, New Phytol., 81, 575, 1978. 
Mosse, B., Hayman, D. S. and Ide, G. J., Growth responses of plants in unsterilized soil to inocu- 
lation with vesicular-arbuscular mycorrhiza, Nature (London), 224, 1031, 1969. 

Powell, C., Mycorrhizal fungi stimulate clover growth in New Zealand hill country soils, Nature 
(London), 264, 436, 1976. 


58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


53 


Powell, C., Mycorrhizas in hill country soils. 11. Effect of several mycorrhizal fungi on clover growth 
in sterilized soils, N.Z. J. Agric. Res., 20, 59, 1977. 

Powell, C., Mycorrhizas in hill country soils. 111. Effect of inoculation on clover growth in unsterile 
soils, N. Z. J. Agric. Res., 20, 343, 1977. 

Powell, C., Mycorrhizas in hill country soils. V. Growth responses in ryegrass, N.Z. J. Agric. Res., 
21, 495, 1977. 

Powell, C. and Daniel, J., Mycorrhizal fungi stimulate uptake of soluble and insoluble phosphate 
fertilizer from a phosphate-deficient soil, New Phytol., 80, 351, 1978. 

Ocampo, J.A., Martin, J., and Hayman, D. S., Influence of plant interactions on vesicular-arbus- 
cular mycorrhizal infections. 1. Host and non-host plants grown together, New Phytol.,84, 27, 1980. 
Crush, J. R., The effect of Rhizophagus tenuis mycorrhizas on ryegrass, cocksfoot and sweet vernal, 
New Phytol., 72, 965, 1973. 

Lambert, D. H., Cole, H., Jr., and Baker, D. E., Adaptation of vesicular-arbuscular mycorrhizae 
to edaphic factors, New Phytol., 85, 513, 1980. 

Furlan, V. and Fortin, J. A., Formation of endomycorrhizae by Endogone calospora on Allium 
cepa under three different temperature regimes, Nat. Can. (Quebec), 100, 467, 1973. 

Hayman, D. S., Plant growth responses to vesicular-arbuscular mycorrhiza. V1. Effect of light and 
temperature, New Phytol., 73, 71, 1974. 

Schenck, N. C. and Schroder, V. N., Temperature response of Endogone mycorrhiza on soybean 
roots, Mycologia, 66, 600, 1974. 

Peyronel, B., Prime osservazione sui rapporti tra luce e simbiosi micorrizica, Lab. Chanousia Giardi. 
Bot. Alpino Piccolo San Bernardo, 4, 1, 1940. 

Peuss, H., Untersuchungen zur Okologie und Bedeutung der Tabakmycorrhiza, Arch. Mikrobiol., 
29, 112, 1958. 

Schrader, R., Untersuchungen zur Biologie der mycorrhiza der Erbsenmycorrhiza, Arch. Mikro- 
biol., 32, 81, 1958. 

Winter, A. G. and Meloh, K. A., Untersuchungen uber den Einfluss der endotrophen Mycorrhiza 
auf die Entwicklung von Zea maysl., Naturwissenschaften, 45, 319, 1958. 

Meloh, K. A., Untersuchungen zur Biologie der endotrophen mycorrhiza bei Zea maysL. and Avena 
sativa L., Arch. Mikrobiol., 46, 369, 1963. 

Furlan, V. and Fortin, J. A., Effects of light intensity on the formation of vesicular-arbuscular 
endomycorrhizas on Allium cepa by Gigaspora calospora, New Phytol.,79, 335, 1977. 

Boullard, B., Premieres observations concernant l'influence du photoperiodisme sur la formation de 
mycorrhizes, Mem. Soc. Sci. Nat. Math. Cherbourg, 48, 1, 1957. 

Boullard, B., Relations entra la photoperiode et l'abondance des mycorrhizes chez ]' Aster tripolum 
L. (Composees), Bull. Soc. Bot. Fr., 106, 131, 1959. 

Tolle, R., Untersuchungen uber die Pseudomycorrhiza von Gramineen, Arch. Mikrobiol., 30, 285, 
1958. 

McCool, P. M., Effect of Ozone Stress on Development of Vesicular-Arbuscular Mycorrhiza and 
Growth Response of Tomato and Citrus, Ph.D. thesis, University of California, Riverside, 1981. 
Johnson, C. R., Menge, J. A., Schwab, S., and Ting, I. P., Interaction of photoperiod and vesicu- 
lar-arbuscular mycorrhizae on growth and metabolism of sweet orange, New Phytol., 90, 665, 1982. 
Daft, M. J. and El-Giahmi, A. A., Effect of arbuscular mycorrhiza on plant growth. VIII. Effects 
of defoliation and light on selected hosts, New Phytol., 80, 365, 1978. 

Kruschcheva, E. P., Conditions favouring formation of maize mycorrhiza, Agrobiologiya, 4, 588, 
1960. 

Ross, J. P., Effect of phosphate fertilization on yield of mycorrhizal and nonmycorrhizal soybeans, 
Phytopathology, 61, 1400, 1971. 

Khan, A. G., The effect of vesicular-arbuscular mycorrhizal associations on growth of cereals. 1. 
Effects on maize growth, New Phytol., 71, 613, 1972. 

Porter, D. M. and Beute, M. K., Endogone species in roots of Virginia type peanuts, Abstr. Phyto- 
pathol., 62, 783, 1972. 

Hayman, D. S., The occurrence of mycorrhizas in crops as affected by soil fertility, in Endomycor- 
rhizas, Sanders, F. E., Mosse, B., and Tinker, P. B., Eds., Academic Press, London, 1975, 495. 
Redhead, J. F., Endotrophic mycorrhizas in Nigeria: some aspects of the ecology of the endotrophic 
mycorrhizal association of Khaya grandifoliola, in Endomycorrhizas, Sanders, F. E., Mosse, B., and 
Tinker, P. B., Eds., Academic Press, London, 1975, 461. 

Bevege, D. I., Vesicular-Arbuscular Mycorrhizas of Araucaria: Aspects of Their Ecology and Phys- 
iology and Role in Nitrogen Fixation, Ph.D. thesis, University of New England, Armidale, New 
South Wales, 1972. 

Mcllveen, W. D. and Cole, H., Jr., Influence of zinc on development of the endomycorrhizal fungus 
Glomus mosseae and its mediation of phosphorus uptake by Glycine max ‘‘Amsoy 71”, Agric. 
Environ., 4, 245, 1979. 


54 


89. 


91. 


96. 


97. 


98. 


99. 


100. 
101. 


102. 


103. 


104, 


105. 


106. 


107. 


108. 


109. 


110. 


Hi 


112. 


113. 


114. 
115. 


116. 


VA Mycorrhiza 


. Strzemska, J., Mycorrhiza in farm crops grown in monoculture, in Endomycorrhizas, Sanders, F- 

E., Mosse, B., and Tinker, P. B., Eds., Academic Press, London, 1975, 545. 

Gerdemann, J. W., The significance of Y-A mycorrhizac in plant nutrition, in Root Diseases and 

Soilborne Pathogens, Tousson, T. A., Bega, R. V., and Nelson, P. E., Eds., University of California 

Press, Berkeley, 1970, 125, 

. Menge, J., Steirle, D., Bagyaraj, D. J., Johnson, E. L. ¥., and Leonard, R. T., Phosphorus con- 

centrations in plants responsible fer inhibition of mycorrhizal infection, New Phytol, 80, 575, 1978. 

Ratnayake, M., Leonard, R. T., and Menge, J. A., Reot exudation in relation to supply of phos- 

phorus and its possible relevance to mycorrhizal formation, New Phytol., 81, 543, 1978. 

. Graham, J. H., Leonard, R. T., and Menge, J. A., Membrane-mediated decrease in root exudation 
responsible for phosphorus inhibition of vesicular-arbuscular mycorrhiza formation, Plant Physiol., 
68, 548, 1981. 

. Sieverding, E., Einflusse der Bodenfeuchte auf die Effektivitat der VA-mykorriza, Angew. Bot.,53, 
91, 1979. 


. Nelsen, C. E. and Safir, G. R., Increased drought resistance in onion plants by mycorrhizal infec- 


tion, Planta, 154, 407, 1982. 


. Kruckelmann, H. W., Effect of fertilizers, soils, soil tillage and plant species on the frequency of 


Endogone chlamydospores and mycorrhizal infections in arable soils, in Endomycorrhizas, Sanders, 
F. E., Mosse, B., and Tinker, P. B., Eds., Academic Press, London, 1975, 511. 

Hirrel, M. C., Mehravaran, H., and Gerdemann, J. W., Vesicular-arbuscular mycorrhizae in the 
Chenopodiaceae and Cruciferae: do they occur? Can. J. Bot., 54, 2813, 1978. 

Hayman, D. S., Johnson, A. M., and Ruddlesdin, I., The influence of phosphate and crop species 
on Endogone spores and vesicular-arbuscular mycorrhiza under field conditions, Plant Soil, 43, 489, 
1975. 

Iqbal, S. H. and Qureshi, K. S,, The influence of mixed sowing (cereals and crucifers) and crop 
rotation on the development of mycorrhiza and subsequent growth of crops under field conditions, 
Biologia (Lahore), 22, 287, 1976. 

Morley, C. D. and Mosse, B., Abnormal vesicular arbuscular mycorrhizal infections in white claver 
induced by Lupin, Trans. Br. Mycol. Soc., 67, 510, 1976. 

Trinick, M. J. and Mosse, B.,in Rothamsted Exp. Stn. Annu. Rep., |, 253, 1975. 

Schenck, N. C. and Kinloch, R. A., Incidence of mycorrhizal fungi on six field crops in monoculture 
on a newly cleared woodland site, Mycologia, 72, 445, 1980. 

Fox, J. A. and Spasoff, L., Host range studies of Endogone gigantea, in Proc. Va. J. Sci., 23, 121, 
1971—72. 

Crush, J. R., Significance of endomycorrhizas in tussock grasslands in Otago, New Zealand, N.Z. 
J. Bot., 11,645, 1973, 

Mosse, B., Specificity in VA mycorrhizas, in Endomycorrhizas, Sanders, F. E., Mosse, B., and 
Tinker, P. B., Eds., Academic Press, London, 1975, 469. 

Saif, S. R., The influence of stage of host development on vesicular-arbuscular mycorrhizae and 
Endogonaceaus spore populations in field grown vegetable crops. |. Summer-grown crops, New 
Phytol., 79, 341, 1977. 

Kessler, K. J. and Blank, R. W., Endogone sporocarps assaciated with sugar maple, Mycologia, 64, 
634, 1972. 

Sparling, G. P. and Tinker, P. B., Mycorrhizas in Pennine grassland, in Endomycorrhizas, Sanders, 
F. E., Mosse, B., and Tinker, P. B., Eds., Academic Press, London, 1975, 545. 

Read, D. J., Koucheki, H. K., and Hodgson, J., Vesicular-arbuscular mycorrhiza in natural vege- 
tation systems. ]. The occurrence of infections, New Phytol., 77, 641, 1976. 

Tommerup, I. C. and Abbott, L. K., Prolonged survival and viability of VA mycorrhizal hyphae 
after root death, Soil Biol. Biochem., 13, 431, 1981. 

Hall, I. R., Response of Coprosma robusta to different forms of endomycorrhizal inoculum, Trans. 
Br. Mycol. Soc., 67, 409, 1976. 

Hall, I. R., Soil pellets to introduce vesicular-arbuscular mycorrhizal fungi into soil, Soi Biol. 
Biochem., 11, 85, 1979. 

Gould, A. B. and Liberta, A. E., Effects of topsoil storage during surface mining on the viability of 
vesicular-arbuscular mycorrhiza, Mycologia, 73, 914, 1981. 

Porter, W. M., The most probable number methad for enumerating infective propagules of vesicu- 
lar-arbuscular mycorrhizal fungi in soil, Aust. J. Soil Res., 17, 515, 1979. 

Powell, C., Mycorrhizal infectivity of eroded soils, Sar! Biol Biochem., 12, 247, 1980. 

Toussoun, T. A., Nash, 5. M., and Snyder, W. C., The effect of nitrogen sources and glucose on 
the pathogenesis of Fusarium solanif. phaseoli, Phytopathology, 50, 137, 1960. 

Williams, F. J., Antecedent nitrogen sources affecting virulence of Colfetotrichum phemoides, Phy- 
topathology, 55, 333, 1965, 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 


135. 


136. 


55 


Trainor, M. J. and Martinson, C. A., Nutrition during spore production and the inoculum potential 
of Helminthosporium maydis Race T, Phytopathology, 68, 1049, 1978. 

Black, R. and Tinker, P. B., The development of endomycorrhizal root systems. H. Effect of agro- 
nomic factors and soil conditions on the development of vesicular-arbusclar mycorrhizal infection 
in barley and on the endophyte spore density, New Phytol., 83, 401, 1979. 

Ocampo, J. A., Effect of crop rotations involving host and non-host plants on vesicular-arbuscular 
mycorrhizal infection of host plants, Plant Soil, 56, 283, 1980. 

Daft, M. J. and Nicolson, T. H., Effect of Endogone mycorrhiza on plant growth. 111. Influence of 
inoculum concentration on growth and infection in tomato, New Phytol., 69, 953, 1968. 

Mosse, B. and Phillips, J. M., The influence of phosphate and other nutrients on the development 
of vesicular-arbuscular mycorrhiza in culture, J. Gen. Microbiol., 69, 157, 1971. 

Old, K. M. and Wong, J. N. F., Perforation and lysis of fungal spores in natural soil, Soil Biol. 
Biochem., 8, 285, 1976. 

Anderson, T. R. and Patrick, Z. A., Mycophagous amoeboid organisms from soil that perforate 
spores of Thielaviopsis basicolaand Cochliobolus sativus, Phytopathology, 68, 1618, 1978. 

Coley, S. C., Baker, K. L., Hooper, G. R., and Safir, G. R., Spore wall development of the endo- 
mycorrhizal fungi Glomus fasciculatus and Glomus mosseae and a possible association with an 
amoeboid species, Abstr. Proc. Am. Phytopathol. Soc., 12, 392, 1978. 

Warnock, A. J., Fitter, A. H., and Usher, M. B., The influence of a springtail Folsomia candidi 
(insecta, collembola) on the mycorrhizal association of leek Allium porrum and the vesicular-arbus- 
cular mycorrhizal endophyte Glomus fasciculatus, New Phytol., 90, 285, 1982. 

Schenck, N. C. and Nicolson, T. H., A zoosporic fungus occurring on species of Gigaspora margar- 
ita and other vesicular-arbuscular mycorrhizal fungi, Mycologia, 69, 1049, 1977. 

Daniels, B. A. and Menge, J. A., Hyperparasitization of vesicular-arbuscular mycorrhizal fungi, 
Phytopathology, 70, 584, 1980. 

Koske, R. E., Labrinthula inside the spore of a vesicular-arbuscular mycorrhizal fungus, Mycologia, 
73, 1175, 1981. 

Sneh, B., Humble, S. J., and Lockwood, J. L., Parasitism of oospores of Phytophthora megas- 
perma var sojae, P. cactorum, Pythium sp. and Aphanomyces euteiches in soil by oomycetes, chy- 
tridimycetes, hyphomycetes, actinomycetes and bacteria, Phytopathology, 67, 622, 1977. 

Daniels, B. A., Personal observation, 1980. 

Menge, J. A., Personal communication, 1980. 

Nigh, E., Personal communication, 1981. 

Daniels, B. A., Unpublished data, 1980. 

Mosse, B. and Bowen, G. D., The distribution of Endogone spores in some Australian and New 
Zealand soils and in an experimental field soil at Rothamsted, Trans. Br. Mycol. Soc.,51, 485, 1968. 

Mason, D. T., A survey of numbers of Endogone spores in soil cropped with barley, raspberry and 
strawberry, Hortic. Res., 4, 98, 1964. 

Sutton, J. C. and Barron, G. L., Population dynamics of Endogone spores in soil, Can. J. Bot., 50, 
1909, 1972. 


